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Abstract: Quantum Spin Hall (QSH) insulators with a large topologically nontrivial bulk gap are crucial 
for future applications of the QSH effect. Among these, group III-V monolayers and their halides with 
chair structure (regular hexagonal framework, RHF) were widely studied. Using first-principles 
calculations, we propose a new structure model for the functionalized group III-V monolayers, which 
consist of rectangular GaBi-X2 (X=I, Br, Cl) monolayers with a distorted hexagonal framework (DHF). 
These structures have a much lower energy than the GaBi-X2 monolayers with chair structure. 
Remarkably, the DHF GaBi-X2 monolayers are all QSH insulators, which exhibit sizeable nontrivial 
band gaps ranging from 0.17 eV to 0.39 eV. Those band gaps can be widely tuned by applying different 
spin-orbit coupling (SOC) strengths, resulting in a distorted Dirac cone.  
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Monolayer graphene was first realized in 2004 and since then two-dimensional (2D) materials play 
a crucial role in the field of nanomaterials [1]. In the meantime, more and more 2D materials with 
unusual electronic and spintronic properties have been synthesized, that are promising for applications in 






[18] were all successfully synthesized on different substrates. Besides graphene and its 
analogs, layered transition-metal dichalcogenides (TMDs) are another family of 2D materials that have 
been realized experimentally [19-21].
 
All these 2D materials can be regarded as being composed of a 
regular hexagonal framework (RHF), which is usually called the chair structure. Most predictions of new 





and organic metal frameworks
 
[25-28]. A natural 
question arises: Can we find other stable structure models for those 2D materials? 
Quantum spin Hall (QSH) insulators are another important set of 2D materials [29-31].
 
The QSH 
effect has been observed in HgTe/CdTe and InAs/GaSb quantum wells [32-34],
 
but the operating 
temperature is limited due to their small bulk gap arising from weak spin-orbit coupling (SOC). The 
necessary low temperature also limits its applications. For the synthesis of the QSH insulators with a 
large gap, Bi (111) bilayer has been realized in experiment and its time-reversal symmetry-protected 
edge states have been observed, but there is still experimental discrepancy regarding its topological 
nature [35-37]. Therefore, searching for more new QSH insulators with a large bulk gap will provide 
more choices for experiment and application. Starting from graphene [38],
 
many kinds of QSH 
insulators have been predicted, including graphene with a sandwich structure [39, 40],
 
silicene 
(germanene/stanene) with RHF [41, 42],
 
stanene with a dumbbell structure [43-45], MoS2 allotropes 
[46-52],
 
and monolayers containing heavy metal atoms (Bi/Sb/Hf) [24, 53-56]. In the case of particular 
substrates [57],
 
applying an external field [58],
 
or using hydrogenation/functionalization [59-78],
 
the size 
of those nontrivial bulk gaps can be further increased. Currently, the largest nontrivial bulk gap is 
1.08eV found in Bi2F2 monolayer [59, 60],
 
which shows that chemical functionalization is a very 
powerful way to obtain a large nontrivial bulk gap. Using first-principles calculations, some group III-V 
monolayers were predicted to be QSH insulators with a large bulk gap
 
[24] and it was found that this gap 
can be enlarged via hydrogenation/functionalization [71-78].
 
After functionalization, their structures can 
all be regarded as being composed of RHF. However, similar as the different ways of functionalization 
of graphene, one may ask if there are other ways of functionalization of group III-V monolayers that 
simultaneously retain their topologically nontrivial properties? 
In order to tackle the above questions, we propose a new functionalization model, called distorted 
hexagonal framework (DHF), for iodination, bromination, and chlorination of gallium bismuth 
monolayer (GaBi-X2, X=I, Br, Cl). We find that the ground state energy of the DHF GaBi-X2 
monolayers is less than that of the RHF GaBi-X2 monolayers, which were widely studied in previous 
works [71-78].
 
Using first-principles calculations, we investigated systematically the structure, stability 
and electronic property of the DHF GaBi-X2 monolayers. The GaBi framework is robust against 
different ways of functionalization for the three DHF GaBi-X2 monolayers. Phonon spectra provide 
convincing evidence for the thermal and dynamical stabilities of those DHF GaBi-X2 monolayers. 
Remarkably, we find a distorted Dirac cone in the band structure without SOC of the DHF GaBi-I2 
monolayer and a large nontrivial bulk gap (0.39 eV) in the band structure with SOC, which is large 
enough to achieve the QSH effect at room-temperature. Both GaBi-Br2 and GaBi-Cl2 have indirect band 
gaps without and with SOC. However, we find that a distorted Dirac cone appears when changing the 
strength of the SOC. Furthermore, the topologically nontrivial property of the bulk gaps is confirmed by 
the nonzero Z2 topological invariant and the appearance of gapless Dirac state from the edges. 
 
Calculation Method 
Our first-principles calculations were performed using the plane-wave basis Vienna ab initio 
simulation package (VASP) [79-81]. The electron exchange-correlation functional was treated using the 
generalized gradient approximation (GGA) in the form proposed by Perdew, Burke, and Ernzerhof (PBE) 
[82].
 
The atomic positions and lattice vectors were fully optimized using the conjugate gradient (CG) 
scheme until the maximum force on each atom was less than 0.01 eV/Å. The energy cutoff of the plane 
waves was set to 520 eV with an energy precision of 10
-5
 eV. For the 2D structure relaxation, the 
Brillouin zone (BZ) was sampled by using a 11×11×1 Γ-centered Monkhorst-Pack grid, while a 
15×15×1 grid was used for the static calculations. A 1×11×1 grid was used for the nanoribbon 
calculations. The vacuum space was set to at least 15 Å in all the calculations to minimize artificial 
interactions between neighboring slabs. SOC was included by a second variational procedure on a fully 
self-consistent basis. The phonon spectra were calculated using a supercell approach within the 
PHONON code [83].  
As our systems preserve time-reversal symmetry and break space-inversion symmetry, we can 
obtain the Z2 topological invariant by calculating Wannier Charge Centers (WCCs) [84].
 
In the concept 
of time-reversal polarization [85],
 
the integer Z2 invariant (∆) can be written as 
( / 2) (0) 2T modP P    , 
where ( )tP  is the total charge polarization with the cyclic parameter t and T is the period of cyclic 
adiabatic evolution. The above equation can be rewritten in terms of WCCs ( x ): 
[ ( / 2) ( / 2)] [ (0) (0)].I II I IIT Tx x x x   
 
       
I and II indicate the Kramers pairs. In explicit numerical implementations, a more straightforward and 
more easily automated approach is to track the largest gap in the spectrum of the WCCs. Let ∆m be the 
number of WCCs that appear between neighboring gap centers and M is the total number of changes in 








     
Therefore, the Z2 invariants can be obtained easily by numerical computations with ab initio codes 
together with the Wannier90 code [86, 87]. 
 
Geometrical Structure 
The three investigated DHF GaBi-X2 monolayers exhibit a similar structure. Figure 1(a) and (b) 
show the optimized geometrical structure of GaBi-X2. From the top view, the framework of Ga-Bi is 
DHF, which is totally different from the previous chair models [71-78],
 
which are RHF with three-fold 
rotation symmetry like silicene/germanene [41, 42],
 
as shown in Figure 1(c) and (d). To obtain the DHF 
structure, we used a larger rectangular supercell and moved the X atoms from their original location, 
which is right on top of the Ga/Bi atoms. The fully optimized DHF GaBi-X2 monolayer shows a high 
symmetric space group of Pca21. We choose a rectangular primitive cell with lattice constants a  along 
the x direction and b  along the y direction. Without loss of generality, we can take the DHF GaBi-I2 
monolayer as an example. Its lattice constants are a = 8.58 Å and b = 8.14 Å. Considering the Ga-Bi 
bonds, there are three kinds of bonds with different lengths, which is totally different from the RHF 
GaBi-I2 monolayer. For the direction along y, the length of the Ga-Bi bond is labeled as L1, which is 
equal to 2.91 Å. For the direction along x, the lengths of the Ga-Bi bonds are labeled as L2 and L3, 
respectively, as shown in Figure 1(a). L2 is equal to 2.95 Å and L3 is equal to 2.80 Å. L2 and L3 
alternate along the x direction. The different lengths of the Ga-Bi bonds lead to the DHF, while the 
lengths of L1, L2 and L3 are the same in the RHF (Figure 1(c)). For the RHF GaBi-I2 monolayer, all the 
I atoms are right on the Ga/Bi atoms along the z direction forming a chair configuration (Figure 1(d)), 
but in the DHF GaBi-I2 monolayer, the bonds of Ga-I and Bi-I are totally different. For Bi-I bonds, one I 
atom forms a bond with two Bi atoms and the lengths of the two Bi-I bonds can be labeled as M1 and 
M2. Along the x direction, M1 and M2 alternate, similar to L2 and L3. For Ga-I bonds, labeled as N 
(Figure 1(b)), the I atom is not right on top of a Ga atom along the z direction, but there is a little 
deviation between them. For the three DHF GaBi-X2 monolayers, the optimized geometrical structure 
data are summarized in Table 1. From iodination to chlorination, the lattice constants ( a  and b ) 
diminish slightly and the lengths of M1, M2, and N also decrease, but the lengths of the three Ga-Bi 
bonds (L1, L2, and L3) remain almost unchanged. 
 
 Figure 1. Top view (a) and side view (b) of the DHF GaBi-X2. Top view (c) and side view (d) of the 
RHF GaBi-X2. 
 
Table 1. Structure parameters and relative energies of the DHF GaBi-X2 monolayers. a  and b  are the 
lattice constants. L1, L2, and L3 are the three lengths of the Ga-Bi bonds. M1 and M2 correspond to the 
two lengths of the Bi-X bonds and N is the length of the Ga-X bond. The relative formation energy ∆E is 
obtained by setting the energy of the RHF GaBi-X2 monolayer as 0. Z2 is the topological invariant. 
 
a (Å) b (Å) L1(Å) L2(Å) L3(Å) M1(Å) M2(Å) N(Å) ∆E(meV/atom) Z2 
GaBi-I2 8.58 8.14 2.91 2.95 2.80 3.08 3.15 2.54 -49 1 
GaBi-Br2 8.36 8.03 2.89 2.95 2.79 2.88 2.95 2.32 -55 1 
GaBi-Cl2 8.22 8.00 2.89 2.95 2.79 2.73 2.79 2.17 -57 1 
 
Energy and Stability 
We compare the energies of the RHF GaBi-X2 monolayers, that have been investigated in previous 
studies [71-78],
 
with those of the newly proposed DHF GaBi-X2 monolayers. We set the energy of RHF 
GaBi-X2 as zero and then calculated the relative formation energy of DHF GaBi-X2, which we show in 
Table 1. The DHF GaBi-X2 monolayers all have a substantially lower energy. The RHF GaBi-X2 
monolayers exhibit a polarized structure due to the up-down asymmetry, which increases their energies 
and probably will lead to a curled configuration. In comparison, the DHF GaBi-X2 has no dipole 
moment. The above two aspects are responsible for the superiority in the structural stability of the DHF 
GaBi-X2 over the RHF GaBi-X2. To investigate the dynamical stability of DHF GaBi-X2 monolayers, 
we calculated their phonon spectra and show them in Figure 2. It is clear that the DHF GaBi-X2 
monolayers are all free from imaginary frequency modes and are therefore dynamically stable. 
 
 
Figure 2. Phonon spectra of the DHF GaBi-X2 monolayers along the high-symmetry points in the BZ. 
 
We further confirm the thermodynamic stability of the DHF GaBi-I2 monolayer by first-principles 
molecular dynamics (MD) simulations. We used a 2×2 supercell to perform MD simulations at 300K 
(room-temperature). After 4ps, we show its atomic configuration in Figure S1(a) and (b) (Supplementary 
Information). It is clear that the DHF structure is preserved from the top view (Figure S1(a)) and the Ga 
and Bi atoms still keep their three-layer structure with up-down  symmetry (Figure S1(b)). Although 
the I atoms show little deviations compared to their original sites (Figure 1) due to thermal perturbations, 
neither structure disruption nor structure reconstruction occurs in the DHF GaBi-I2 monolayer, which 
suggests its stability at room-temperature. It should be noted that although there are some experiments 
on GaBi(As) [88, 89], InBi [90] and TlBi [91] films, the experimental support for their functionalization 
is still missing, similar to the experimental absence of other functionalized monolayers (e.g. 
functionalized Bi and Pb monolayers) [35]. Regarding experimental realization, we suggest to obtain 
first the GaBi monolayer first and then synthesize the GaBi-X2 monolayers through functionalization. 
Another possible chemical route is as follows. Taking the DHF GaBi-I2 monolayer as an example, it 
could be synthetized by: BiI3 [92, 93] + GaI3 [94-96] +4Na → GaBi-I2 (DHF) + 4NaI. Our DFT 
calculations show that the reaction is exothermic with an energy release of 0.6 eV/atom, which indicates 
its feasibility for experimental synthesis. 
 
Electronic Band Structure 
The electronic band structures of the RHF GaBi-X2 monolayers are topologically nontrivial and 
show a large bulk gap due to the strong SOC at the Γ point [71-78]. The electronic band structures of the 
DHF GaBi-I2 monolayer obtained from DFT are plotted in Figure 3. For the DHF GaBi-I2 monolayer, 
the valence and conduction bands meet at a single point along the Γ-X line, giving rise to a distorted 
Dirac cone, as shown in Figure 3(a). Similar band structures can also be found in other rectangular 
lattices [97, 98].
 
The orbital-projected band structure without SOC of the DHF GaBi-I2 monolayer close 
to the Fermi level is shown in Figure 4(a). It is clearly seen that the distorted Dirac cone mainly comes 
from the atomic orbitals of the Ga and Bi atoms. For the crossing bands forming the Dirac cone, one 
band comes from the py atomic orbitals (green dots) and the other originates from the s, px, and pz atomic 
orbitals (red dots). The band structure with SOC for the DHF GaBi-I2 monolayer shows an indirect band 
gap (Figure 3(b)). The indirect band gap is 0.39 eV along the Γ-X line, which is less than that of the 
RHF GaBi-I2 monolayer (0.606 eV) [75].
 
From its corresponding orbital-projected band structure close 
to the Fermi level (Figure 4(b)), we find that these bands are mainly due to the s and p atomic orbitals of  
the Ga and Bi atoms. We now focus on the valence and conduction bands along the Γ-X line. The orbital 
contributions can be divided into two parts. The first part of the valence band corresponds to the s, px, 
and pz orbitals (red dots) and the second part comes from the py orbitals (green dots). The situation of the 
conduction band is the opposite. However, previous studies of the RHF GaBi-X2 monolayer showed that 
the orbital contributions of the bands close to the Fermi level are mainly from the s, px, and py without pz 
[71-78].
 
We may conclude that the pz orbital contributions are due to the partial hybridization between 
the pz orbitals and the X atomic orbitals, which comes from the deviations along the x direction between 
the X atoms and the Ga/Bi atoms. It is noteworthy that the spin degeneracy is lifted due to the 
asymmetric geometric structure. Such spin-splitting effect has also been found in III-Bi [24], 
hydrogenated/functionalized III-Bi [71-76],
 
and g-TlA (A= N, P, As and Sb)
 
[53] monolayers. This 
lifting of spin degeneracy is due to spin-orbit interaction and results in terms linear in electron wave 
vector k in the effective Hamiltonian. The origin of these terms linear in low-dimensional systems is 
structure and bulk inversion asymmetry which lead to Rashba and Dresselhaus spin-orbit terms in the 
Hamiltonian, respectively [99-102].
 
It is well known that spin-splitting of Rashba states in a 
two-dimensional electron system provides a promising mechanism for spin manipulation that is needed 
in spintronics applications [103]. 
 
 
Figure 3. Band structures of the DHF GaBi-I2 and GaBi-Br2 monolayers with and without SOC from 
DFT calculations. (a) GaBi-I2 without SOC, (b) GaBi-I2 with SOC, (c) GaBi-Br2 without SOC, and (d) 
GaBi-Br2 with SOC. 
 
 Figure 4. Orbital-projected band structures close to the Fermi level with and without SOC along the Γ-X 
line. (a) GaBi-I2 without SOC, (b) GaBi-I2 with SOC, (c) GaBi-Br2 without SOC, and (d) GaBi-Br2 with 
SOC. The red dots represent the contributions from the s, px, and pz atomic orbitals of the Ga and Bi 
atoms and the green dots represent contributions from the py atomic orbitals of the Ga and Bi atoms. 
 
In contrast to the gapless band structure of the DHF GaBi-I2 monolayer, the band structure without 
SOC of the DHF GaBi-Br2 monolayer shows semiconducting behavior. The indirect band gap is 0.13 eV 
without SOC (Figure 3(c)) while it becomes 0.30 eV with SOC (Figure 3(d)), which is less than that of 
the RHF GaBi-Br2 (0.628 eV)
 
[75]. From the corresponding orbital-projected band structures close to the 
Fermi level (Figure 4(c) and (d)), we find that those bands result from the s and p atomic orbitals of the 
Ga and Bi atoms. They are similar to the band structure with SOC of the DHF GaBi-I2, which can also 
be divided into two parts. The SOC band structure also shows obvious spin-splitting of Rashba states. 
The band structures without and with SOC of the DHF GaBi-Cl2 monolayer are shown in Figure S2(a) 
and (c) (Supplementary Information) and are similar to those of the DHF GaBi-Br2. An indirect band 
gap of 0.22 eV (0.17eV) is found without (with) SOC. The band gap with SOC is much less than that of 
the RHF GaBi-Cl2 monolayer, which was found to be 0.645eV [75]. 
 
Topologically Nontrivial Properties 
Similar to the band structures of graphene (silicene, germanene, and stanene) [38, 41, 42]
 
and other 
2D topological insulators, the DHF GaBi-I2 monolayer also has a Dirac cone in its band structure 
without SOC, which is an important sign of a QSH insulator [41, 42, 104, 105]
 
and a large SOC bulk gap 
in its band structure with SOC. To confirm the topologically nontrivial property of the bulk gap, we 
calculated its Z2 topological invariant (see Table 1), which is equal to 1. This indicates that the DHF 
GaBi-I2 monolayer is a 2D topological insulator. For the DHF GaBi-Br2 and GaBi-Cl2 monolayers, we 
also calculated the Z2 topological invariant (see Table 1). We find that the Z2 topological invariant is 1 in 
both cases, although there are no Dirac cones in their band structures without SOC. To find the Dirac 
cone, we applied different SOC strengths (λSOC) [104, 105] and calculated the corresponding band gaps 
of the DHF GaBi-Br2 (Figure 5(a)). The band gap decreases with increasing λSOC at the beginning. When 
λSOC reaches 0.24, a gapless state can be found. Then the band gap increases with increasing λSOC. We 
plot the band structure for λSOC = 0.24 (Figure 5(b)) and a distorted Dirac cone can be seen. From its 
corresponding orbital-projected band structure close to the Fermi level along the Γ-X line, it is seen that 
the crossing bands forming the distorted Dirac cone arise from the s and p atomic orbitals of the Ga and 
Bi atoms, similar to the case of the DHF GaBi-I2 monolayer. For the DHF GaBi-Cl2 monolayer, we find 
a similar distorted Dirac cone when λSOC is equal to 0.43 (Supplementary Information, Figure S2(b)). 
 
 
Figure 5. (a) Variation of the DHF GaBi-Br2 band gap as a function of SOC strength λSOC. (b) Band 
structure of the DHF GaBi-Br2 for λSOC = 0.24. (c) Orbital-projected band structure for λSOC=0.24 close 
to the Fermi level. The red dots represent the contributions from the s, px, and pz atomic orbitals of the 
Ga and Bi atoms and the green dots represent contributions from the py atomic orbitals of the Ga and Bi 
atoms. 
 
Although iodization, bromination, and chlorination of GaBi lead to qualitatively similar bands close 
to the Fermi level that arise from the atomic orbitals of the Ga and Bi atoms, their band gaps are totally 
different. We conclude that the different functionalizd elements lead to different build-in electric fields, 
which can influence the band gaps [74].
 
For the DHF GaBi-X2 monolayer, we can only find the Dirac 
cone for a particular λSOC and if we tune the λSOC or change the calculation method, the Dirac cone will 
disappear. It can be seen that the Dirac cone of the DHF GaBi-I2 disappears for λSOC = 0, when we use 
the more sophisticated Heyd-Scuseria-Ernzerhof (HSE06) [106, 107] hybrid functional method 
(Supplementary Information, Figure S3). With HSE, the band gap including SOC is 0.47 eV (Figure 
S3(b)), which is a little larger than the 0.39 eV of the PBE calculations. For the HSE without SOC, a 
small band gap (0.05 eV) is opened (Figure S3(a)), which is different from the Dirac cone of the PBE 
results. Similar to the band structures of the GaBi-Br2 and GaBi-Cl2 monolayers, the appearance of the 
DHF GaBi-I2 Dirac cone in the HSE calculations show up for a particular λSOC between 0 and 1[104]. It 
is certain that we can always find Dirac cones for the three DHF GaBi-X2 monolayers when varying 
λSOC from 0 to 1, but we can’t find a Dirac cone for the DHF GaBi-F2 monolayer. Its band gap ranges 
from 0.32 eV (λSOC = 0) to 0.03 eV (λSOC = 1) (Supplementary Information, Figure S4) and we can’t find 
the gapless state in the process. Corresponding to the absence of the Dirac cone, its Z2 topological 
invariant is equal to 0, which indicates that the DHF GaBi-F2 monolayer is a trivial insulator. 
Besides the nonzero Z2 topological invariant, the existence of gapless edge states is another 
prominent feature of QSH insulators. Since the DHF GaBi-Br2 and GaBi-Cl2 monolayers show a similar 
band structure, without loss of generality, we only considered the DHF GaBi-I2 and GaBi-Br2 
nanoribbons with armchair edges. The nanoribbon structure is shown in Figure 6(a) and their widths (W) 
are wide enough to avoid interactions between the edge states from the two sides. The band structures of 
the DHF GaBi-I2 and GaBi-Br2 nanoribbons are shown in Figure 6(b) and (c), respectively. We can see 
that the gapless edge states (Dirac point) appear in the bulk gap and the bands cross linearly at the Γ 
point, demonstrating the topologically nontrivial nature of these 2D materials. 
 
 Figure 6. (a) Top view of the nanoribbon structure. The width of the nanoribbon is labeled as W. 
Electronic band structures of the GaBi-I2 nanoribbon with W=10.2 nm (b) and the GaBi-Br2 nanoribbon 
with W=9.9 nm (c).  
 
Conclusion 
  In summary, using first-principles calculations, we predict that the DHF GaBi-X2 (X=I, Br, Cl) 
monolayers are QSH insulators with: 1) a novel framework structure, 2) high stability, 3) sizeable 
nontrivial bulk gap, and 4) exhibiting the Rashba effect. The DHF structure is robust against different 
types of functionalization and is more favorable in energy than the RHF structure. The largest nontrivial 
bulk gap can reach 0.47 eV, which is beneficial for achieving the room-temperature QSH effect. 
Corresponding to the nonzero Z2 topological invariant, band calculations show that their distorted Dirac 
cones will appear in the process of tuning the SOC strength. The nanoribbon edge states with Dirac 
spectrum are very promising for future spintronics device applications.  
Supplementary Information 
There are four figures in Supplementary Information. Figure S1 is the Snapshot taken from MD 
simulations for a 2×2 supercell of the DHF GaBi-I2 monolayer at temperature of 300K after 4ps. Figure 
S2 is the band structures of the DHF GaBi-Cl2 monolayer for λSOC = 0, λSOC = 0.43, and λSOC = 1. Figure 
S3 is the band structures of the DHF GaBi-I2 monolayer with and without SOC from the HSE 
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